IMPORTANCE Bronchiolitis and pneumonia are leading causes of pediatric hospitalizations. Identifying geographic patterns in hospitalization rates across small geographic areas could be particularly relevant to targeted patient-level and population-level health care.
B
ronchiolitis is the leading cause of lower respiratory tract infection (LRTI) in children younger than 2 years, with approximately 150 000 annual hospitalizations in the United States. [1] [2] [3] [4] [5] Pneumonia is the most common serious bacterial infection in children and another leading cause of pediatric hospitalizations. [6] [7] [8] For children's hospitals, these conditions rank among the top 10 in cost and prevalence. 8 Identifying factors that contribute to population-level hospitalization risk could highlight targets for intervention. Determining patterns in hospitalization rates across small geographic areas may be particularly relevant as hospitals seek to target interventions to those areas at highest risk.
9
Numerous studies have shown linkages between socioeconomic status (SES) and disease prevalence and morbidity. For example, asthma-related hospitalization rates were found to vary considerably across Hamilton County, Ohio, neighborhoods, and area-level socioeconomic characteristics explained much of this variability. 10 Given that other researchers have shown a link between individual-level socioeconomic deprivation and risk of pneumonia, [11] [12] [13] it is plausible that analogous area-level characteristics could be relevant for acute pediatric LRTIs. For example, lower household income has been shown to be associated with higher costs of care for LRTIs. 14 Other investigators have shown that adults from impoverished census tracts (demographically homogeneous areas of approximately 4000 people, defined by local municipalities and the US Census Bureau) 15 are at increased risk for bacteremic pneumonia. 16 In children, a correlation has been found between residence in impoverished or crowded neighborhoods and incidence of influenza-associated hospitalization. 17 Although many researchers have identified associations between SES and infections, the relationship with hospitalizations is less clear. Therefore, we sought to determine whether hospitalization rates for bronchiolitis and pneumonia varied geographically across a single county. In addition, we sought to determine whether hospitalization rates were associated with underlying area-level socioeconomic factors.
Methods

Study Design and Data Source
This was a cross-sectional, population-based study of children hospitalized for LRTI at Cincinnati Children's Hospital Medical Center (CCHMC) between January 1, 2010, and December 31, 2013. Clinical and demographic variables were extracted from the electronic medical record. Information regarding the presence of complex chronic conditions (CCCs), defined using representative International Classification of Diseases, Ninth Revision (ICD-9) codes, 18 was obtained from data available within the Pediatric Health Information System (Children's Hospital Association, Overland Park, Kansas). Area-level socioeconomic variables were extracted from the US Census Bureau. 15 The CCHMC Institutional Review Board approved this study. Informed consent was waived.
Study Population
The study included children younger than 2 years hospitalized with bronchiolitis and children younger than 18 years hospitalized with pneumonia. Patients were identified if they had an ICD-9 discharge diagnosis code for bronchiolitis (code 466.11 or 466.19) or pneumonia (codes 480-486) in any diagnosis position. Children were excluded if they were in the custody of Hamilton County Children's Services because their home census tract could not be determined. The analysis was also limited to patients from Hamilton County to minimize hospitalizations lost to other institutions and to allow for a population-based sample. 19 Hamilton County is home to CCHMC and includes Cincinnati and its suburbs. There are approximately 200 000 children younger than 18 years in Hamilton County. 15 We verified CCHMC's in-county market share using data from the Ohio Hospital Association. All local hospitals, including those within Hamilton County, report self-validated discharge data to the Ohio Hospital Association, where they are aggregated and internally validated. The resulting database can be accessed and queried by member hospitals. Using this database, with assistance from the CCHMC Planning Department, we found that CCHMC hospitalized 99.6% of bronchiolitis cases and 99.6% of pediatric pneumonia cases from Hamilton County.
Outcome Measures
The primary outcome was census tract LRTI hospitalization rates. To calculate rates (one for bronchiolitis and one for pneumonia), the home address for each hospitalization event was geocoded (or mapped) and then linked to its census tract. Lower respiratory tract infection hospitalization rates were calculated for Hamilton County and for each of 222 in-county census tracts. The numerator was hospitalization events, and the denominator was the child population (younger than 2 years for bronchiolitis and younger than 18 years for pneumonia calculations) obtained from the 2010 US Census. 15 These values were converted to rates, measured per 1000 children per year, and averaged over the data collection period (2010) (2011) (2012) (2013) Patient-level variables examined from the electronic medical record included insurance status, sex, age, race/ethnicity, diagnosis codes, and hospital length of stay (LOS). Reimbursement data provided information on the cost of the hospitalization. Using the Pediatric Health Information System data set, we also identified whether patients had a CCC (yes or no). Defined using a previously described classification scheme, CCCs represent diagnosis groupings expected to last longer than 12 months that involve either a single-organ system severe enough to require specialty care and hospitalization or multipleorgan systems.
18,24
Statistical and Spatial Analyses
Hospitalization rates were calculated, separately for bronchiolitis and pneumonia, for Hamilton County and each individual census tract. Census tracts were sorted in order of hospitalization rate and grouped into 5 quintiles, with 44 or 45 in each group. Quintiles were chosen, a priori, to aid in interpretability. Categorization was also thought to be potentially more actionable (eg, for future work aimed at risk stratification). Quintiles were compared with respect to the median hospitalization rates using the Kruskal-Wallis test. We then identified the distribution of each area-level socioeconomic variable within each hospitalization rate quintile. Differences between hospitalization rate quintiles with respect to the median of each SES variable, LOS, and cost were also assessed using the Kruskal-Wallis test.
Given our group's previous work highlighting area-level asthma inequalities 10 and the potential relationship between asthma and LRTIs, we performed sensitivity analyses after excluding hospitalization events with a copresent ICD-9 code for asthma (codes 493.XX). Given a potential interaction between SES and medical complexity, separate sensitivity analyses excluded those patients with a CCC. 25 For both of these sensitivity analyses, the same denominator was used as in the primary analysis because population numbers of children with asthma or CCCs were unavailable. The correlations of hospitalization rates before and after the exclusion of asthma and then CCCs were examined using Spearman rank correlation coefficients. Differences with respect to SES variables were also assessed using the Kruskal-Wallis test. Analyses were conducted using statistical software (SAS, version 9.3; SAS Institute Inc). Cluster detection statistics were calculated to explore spatial patterns using the local Getis-Ord Gi* statistic. 26 The Gi* statistic compares the expected value of a variable across a local area (ie, one census tract) with the expected value of that variable across the entire study area (ie, all included census tracts) by calculating a standardized z score and associated P value. Here, the variable of interest was the hospitalization rate. The Gi* statistic determined whether the observed spatial pattern was more pronounced than one would expect given an otherwise random distribution. Positive significant values indicate that a local area (ie, census tract) is a part of a hot spot, while negative significant values indicate that it is a part of a cold spot. We were interested in census tracts deemed hot (ie, higher hospitalization rates than would be expected if distribution was random) or cold (ie, lower hospitalization rate than would be expected if distribution was random) at a significance level of P < .05. Geocoding and spatial analyses were conducted using a software platform (ArcGIS; Esri).
Results
There were 1264 patients who contributed 1495 hospitalizations for bronchiolitis. Children hospitalized with bronchiolitis had a median age of 0.4 (interquartile range [IQR], 0.2-0.8) years ( Table 1) . There were 1017 patients who contributed 1231 hospitalizations for pneumonia. These children had a median age of 3.0 (IQR, 1.0-7.2) years. The median costs of a hospitalization were $6599 (IQR, $4700-$10 255) for bronchiolitis and $9997 (IQR, $6035-$23 496) for pneumonia. The overall hospitalization rate for bronchiolitis was 17.5 (range across census tracts, 0-71.4) hospitalizations per 1000 children per year, while for pneumonia it was 1.6 (range across census tracts, 0-4.3) hospitalizations per 1000 children per year ( Table 1 ). The median bronchiolitis hospitalization rates varied significantly, with 32.8, 20.8, 14.0, 10.4, and 5.1 per 1000 children within the highest to lowest neighborhood quintiles, respectively (P < .001). The highest quintile contributed 19.6% (4185 of 21 319) of county children but 38.1% (569 of 1495) of all bronchiolitis hospitalizations during the study period. The lowest quintile contributed 15.1% (3216 of 21 319) of county children and 4.5% (67 of 1495) of all bronchiolitis hospitalizations. A similar pattern was noted for pneumonia by highest to lowest neighborhood quintile, with 3.3, 2.1, 1.4, 0.9, and 0.3 hospitalizations per 1000 children (P < .001). Here, the highest quintile for pneumonia contributed 18.4% (34 857 of 189 640) of county children but 37.3% (459 of 1231) of all pneumonia hospitalizations during the study period, while the lowest quintile contributed 18.0% (34 209 of 189 640) of county children and 4.1% (50 of 1231) of pneumonia hospitalizations.
A total of 43 bronchiolitis-related and 347 pneumoniarelated hospitalizations also had diagnosis codes present for asthma. There was significant correlation between hospitalization rates measured before and after the exclusion of children with asthma for bronchiolitis (r = 0.99, P < .001) and for pneumonia (r = 0.85, P < .001). Also, 157 children hospitalized with bronchiolitis and 281 children hospitalized with pneumonia had a CCC. There was significant correlation between census tract hospitalization rates measured before and after the exclusion of children with CCCs for bronchiolitis (r = 0.95, P < .001) and for pneumonia (r = 0.85, P < .001).
Significant differences were observed among quintiles with respect to area-level characteristics ( Table 2) . For example, the median annual household income within the highest hospitalization rate quintile for bronchiolitis was $27 686. In con-Copyright 2015 American Medical Association. All rights reserved.
trast, the lowest quintile had a median annual household income of $60 890, with household income related to each quintile in a graded fashion (P < .001). Similar graded relationships were noted for the other measures of SES (P < .001 for all). These relationships persisted after the exclusion of children with asthma and CCCs. For bronchiolitis, hospitalization rate quintile was not found to be significantly associated with LOS or with cost (eTable 1 in the Supplement).
Similar findings were noted for pneumonia, with significant differences among quintiles with respect to the same set of area-level measures (Table 3) . Here, the median annual household income within the highest hospitalization rate quintile was $31 424, whereas the value in the lowest quintile was $61 250, with household income related to each quintile in a graded fashion (P < .001). Similar graded relationships were noted for the other measures (P < .01 for all). As with bronchiolitis, relationships persisted after the exclusion of children with asthma and CCCs. For pneumonia, there was no significant difference in the median LOS across quintiles (eTable 2 in the Supplement). However, a significant difference in cost was observed. This appeared to be driven by a lower median cost in the medium quintile. Cost data were similar across the other quintiles.
For bronchiolitis, higher hospitalization rates appeared to geographically cluster within Cincinnati's urban core compared with outlying suburbs ( Figure 1A) . This was confirmed using the Gi* statistic ( Figure 1B ). Significant hot spots (ie, areas with higher hospitalization rates than would be expected if spatial distribution was random) were noted in high-poverty areas of the inner city, and significant cold spots (ie, areas with lower hospitalization rates than would otherwise have been expected) were noted in the more affluent northeastern sub- 
Discussion
This population-based analysis identified substantial variability in LRTI hospitalization rates across a single county. The highest census tract-level hospitalization quintile for bronchiolitis had a hospitalization rate 6 times that of the lowest quintile. The highest census tract-level hospitalization quintile for pneumonia had a hospitalization rate 11 times that of the lowest quintile. These inequalities were associated with underlying differences in multiple area-level socioeconomic measures. For example, the median household income within the highest hospitalization rate quintile for bronchiolitis approximated the federal poverty level for a family of 4. Moreover, significant geographic clustering was apparent, with LRTI hospitalization hot spots in the inner city and cold spots in outlying suburbs. This geospatial variability, and the strong associations between hospitalization rates and markers of SES, has substantial clinical and public health implications, suggesting small areas that could be targets for prevention and cost containment. Geographic variability exists for multiple health conditions, particularly chronic diseases. Our group previously demonstrated that asthma hospitalization rates varied 18-fold across local neighborhoods.
10 These findings parallel other results that illustrate relationships between asthmarelated disparities and underlying social and environmental characteristics. 27 Other conditions thought to be sensitive to such factors (eg, lead poisoning, low birth weight, and sexually transmitted infections) have shown similar variability across small areas. 22, 23 These studies also identified geographic measures of SES most applicable to public health analyses, which are measures used as part of this study. 21 To our knowledge, no previous US study has assessed LRTI hospitalization variability at geographic areas as small and homogeneous as census tracts. In Sweden, Jansson et al 28 reported 4-fold variability in bronchiolitis hospitalization risk for tion in pneumonia hospitalization risk for children ages 0 to 14 years across 150 postcode districts in their region. In the United States, Gorton and Jones 30 assessed geographic variation in pneumonia hospitalizations across Pennsylvania counties. The statewide admission rate per year was 1.6 (range, 0.8-4.6) hospitalizations per 1000 children ages 2 months to 17 years. Although our findings are in close alignment, we were looking within a single county composed of 222 census tracts instead of within a single state composed of 67 counties. Our study highlighted variability that can exist within just one county. The highest pneumonia quintile in our study had a median hospitalization rate almost 18 times that of Pennsylvania (and 6 times that of the Pennsylvania county with the highest hospitalization rate). Variability in LRTI hospitalization rates was significantly associated with underlying variability in area-level SES. This finding is consistent with previous studies assessing such relationships for other health outcomes. Locally, our group found that measures of poverty and housing quality were associated with a return to the hospital for children with asthma. 20, 31 Also, a recent study by Epstein et al 32 showed that lower neighborhood income is associated with higher severity of illness on admission to the pediatric intensive care unit across diagnoses. Such findings are not surprising given the extensive lit- erature on the influence of socioeconomic deprivation on a child's physical health. A variety of mechanisms exist through which socioeconomic deprivation can effect health conditions such as LRTIs. [33] [34] [35] [36] Many posit that there is a biologic basis to an association between health and socioeconomic deprivation, a relationship that could extend to infectious diseases. For respiratory infections specifically, a link has been found with environmental exposures: children living in geographic areas with low SES may have increased pollutant and other environmental particle exposures associated with respiratory infections. 37 Exposure to adverse childhood events, or toxic stressors often rooted in poverty, may affect immune functioning, providing a physiological rationale by which morbidity of disease severity is experienced. 38 Low SES may also be associated with diminished access to primary preventive care, 39,40 a consideration supported by our finding of the significant relationships between hospitalization rates and vehicle availability. Population density, generally higher in the urban core (hot spots in our analyses) than in outlying suburbs (our cold spots), may also provide a mechanism through which infectious diseases can spread. 41 Associations we observed between area-level SES and area-level rates of hospitalization for acute infections highlight the potential benefit of identifying upstream targets for clinical and public health interventions. 42 Therefore, determining which preventive strategies are most effective is relevant, particularly in this era of accountable care. 43 With Redesign of primary care services could increase access to care in ways that may help to interface with patients and families before illnesses reach the need for hospitalization. 46 Clearly, future studies are needed to better understand why children (and geographic areas) that experience povertyrelated risks are at heightened risk for LRTI hospitalization and what interventions are best suited toward preventing hospitalizations in an equitable fashion.
There were limitations to this study. First, hospitalization rates for each census tract may vary with time. To stabilize estimates, we used multiple years' worth of data and aggregated census tracts into quintiles. Second, the crosssectional design did not allow us to determine causation or directionality of association between hospitalization rates and census tract-level characteristics. Third, we were unable to directly measure the role of disease severity or underlying diagnoses in the hospitalization decision. Health care professionals may have a lower threshold to hospitalize a child of lower SES. It is also possible that medical history that varies by SES (eg, prematurity) may have influenced the hospitalization decision. 22 Nevertheless, proxies of severity (LOS and cost)
did not vary across hospitalization quintiles, and (similar to prior work 30 ) our results did not change after excluding children with asthma or CCCs. Fourth, we were not able to identify infections that may have occurred during a hospitalization. Still, we expect that any potential bias introduced would have been nondifferential. Fifth, we were unable to determine total LRTI prevalence across census tracts, specifically infections that did not require inpatient treatment. Therefore, higher hospitalization rates may have resulted from higher infection rates or lower rates of adequate outpatient treatment. Sixth, older patients and those living farther from CCHMC may have been hospitalized at other facilities. However, Ohio Hospital Association data suggest that, within our region, CCHMC cares for 99.6% of hospitalized children with LRTI. Seventh, our population was drawn from a single county and may not be generalizable to other regions.
Conclusions
Hospitalization rates for bronchiolitis and pneumonia showed substantial variation across census tracts within a single US county. This variability was significantly associated with underlying differences in census tract-level SES. Lower respiratory tract infection hospitalization hot spots were apparent in the urban core, with relative cold spots present in outlying, more affluent suburbs. Hospitalization has substantial consequences for children and families, in addition to its considerable cost. Clinical and public health interventions should be targeted in ways that aim to "cool" areas at high risk of excessive hospital utilization, resulting in improved patient outcomes at decreased cost.
